Introduction
On Saturday 1 March 1997 an ultralight pilot, Mr Bob Knox, was flying his aircraft between Devonport and Bridport, on Tasmania's north coast (see Fig. 1 for place locations), and encountered a roll cloud propagating westwards. His fascinating account of the afternoon's flying is repeated verbatim:
It happened on Sat 1/3/97. (The cloud formation looked like the many pictures I have seen of the Morning Glory in the N.T.) Several years later I saw the exact same thing happen with a mini front with cloud travelling from east to west along past Devonport. It was exactly the same as the one we flew on with the line of cloud being about 4-5 km long with 1/3 over the land and 2/3 out over the sea.
On the 1/3/97 a friend of mine was at Ansons Bay. This feature passed over him travelling north up the east coast. It has then turned west and gone back along the north coast. As you will see from my log book, we encountered it twice. We flew from Devonport to Bridport in a light northerly. We saw this thing coming with the cloud formation extending in height from about 2500 feet to 3500 feet. We reduced height and flew under it in clear air at about 1500 feet encountering moderate but not nasty turbulence going east and visited our friends at Bridport. We left Bridport after ½ hour or so on the ground, and were then in the 20 knot North Easterly which had established behind the front. With this assistance we had a high ground speed (65 knots ??) and caught the front crossing the Tamar River. I flew under it again encountering moderate turbulence and once in front of it (to the west) I climbed up in front of the bank of cloud. It was like a long ridge about 1000 feet high and 4-5 km long. Interestingly while I stayed in front of the cloud there was plenty of lift and so I switched off the motor and soared back and forth along the face, often with one wing almost touching the face of the cloud. However, if I got down towards the bottom half of the cloud face or below it there was very little upward moving lift and I could not sustain altitude. The same would happen if I got to the inland end of the cloud where it finished (2 km in from the coast) I would descend rapidly and have to quickly turn and soar north again along the visible cloud face. Also of interest was a step back in the cloud line at the coast so the out to sea portion of the line trailed behind the over land section by about 500 metres.
Soaring back and forth in this manner without motor we covered 27 km from Badger Head to Devonport in 40 minutes meaning the front must have been moving at 40 kph or 21 knots.
Looking below the cloud line on the sea about 70° from horizontal was a distinct line of catspaws showing the advancing line of strong wind (like a squall line). This and the lift were getting stronger as it moved towards Devonport. To land we left the front (still gliding) and dived out in front to Devonport trying to beat the squall on to the ground. We just succeeded but had to jump out of the aircraft and hold it down in the newly established strong northeasterly which I reckon was at over 25 knots in the immediate squall. It caused panic at the airport with various aircraft owners having to turn and tie down their aircraft.
The cloud line went on towards Burnie getting more distinct as it went. I still regret not staying with it to see how far it continued. This all happened between 3.30 and about 5.00 pm. This paper presents satellite images and a numerical weather prediction (NWP) model simulation of the event that reproduces many of the pilot's observations remarkably well, and provides a dynamic description of the environment in which the roll cloud developed and evolved. In discussion it is argued that such behaviour is possible on many of the days when cool changes surge up the east coast of Tasmania, and several examples from recent years are documented. Weather-sensitive activities along the northern Tasmanian coastline, such as recreational and commercial boating, aviation, and fire management, should be aware of the potential for an abrupt wind change from a direction opposite to those associated with a simple cold front passage from the west.
Synoptic overview and satellite imagery
In the regional MSLP analysis from the National Meteorological and Oceanographic Centre for 0000 UTC 1 March 1997 (Fig. 2) , a trough extends from northeast of Tasmania to a low over southeastern Australia, and a cold front is analysed crossing the east coast of Tasmania. A ridge of high pressure extends from an anticyclone centred in the western Bight to south of Tasmania, and an evident effect of this is the strong low-level southwesterly clouddrift winds plotted on the analysis. Greater insight is given by the NWP analyses from the Bureau's operational Limited Area Prediction System (LAPS, Puri et al. 1998) in Fig. 3 . The left and right hand panels show the MSLP and the 10 m potential temperature respectively. The low-level wind barbs are overlaid on each panel. At 2300 UTC 28 February 1997 ( Fig. 3(a) ) the cyclonic wind shift through eastern Bass Strait is associated with the trough, while the stronger cyclonic shift of the winds over southeast Tasmania is associated with the cold front analysed in Fig. 2 . The stronger southwesterly winds following the cold front are associated with a marked thermal gradient (Fig. 3(b) ), with strong low level cold advection over southern Tasmania and surrounding waters. Six hours later (Fig. 3(c) and (d) ), around the time that the roll cloud was providing entertaining flying for Mr Knox, pressures had risen strongly over and to the east of Tasmania, with a ridge analysed well into the Tasman Sea. Pressures rose in Hobart by around 5 hPa in that 6-hour period ( Fig.  3(a) and (c)), consistent with the hydrostatic effects of the strong cold advection in the lower troposphere.
Two features should be noted here. First, there was a marked increase in the magnitude of the thermal gradient over northeastern Tasmania in the 6-hour period shown in Fig. 3 , with the 18 °C isotherm remaining relatively stationary just northeast of the tip of Tasmania, while cold advection lowered temperatures to the south and east. Second, while a strong synoptic-scale ridge is analysed over Tasmania at 0500 UTC (Fig. 3(c) ), there is a sub-synoptic scale trough over northeast Tasmania seen in the curvature of the 1007 hPa isobar.
Figures 4(a)-(h) show hourly visible satellite images over Tasmania from 0030 to 0730 UTC 1 March 1997. At the initial time there is no clear feature to associate with the front moving northwards along Tasmania's east coast, although the slight thickening of the cloud just south of the narrow clear band near St Helens is the first indication of the developing cloud band. There is a more evident cloud edge near Ansons Bay at 0130 UTC, and this has become very clear across Swan Island at 0230 UTC. By 0330 UTC a marked roll cloud has developed and is moving westwards along the north coast of Tasmania, with a speed of movement closely matching the report quoted in the introduction. The satellite images show that the cloud band extended more than 100 km north-south. The imagery at 0430 UTC (Fig. 4(e) ) suggests that there is not just a single cloud arc, but it appears that there is one arc moving westwards along the coastline, and a second arc moving northwestwards over the ocean. While the report reproduced in the introduction also mentions differential speed of movement of the cloud band along the coastline, it is likely from the horizontal scales in the imagery and the report that these are different phenomena. There is also development of an area of cloud inland from and parallel to the north coast of Tasmania. The roll cloud passes Devonport around 0600 UTC or 1700 local time (Figs. 4(f) and (g)) and is still visible at 0730 UTC west of Devonport ( Fig. 4(h) ).
Diagnosis
Mesoscale NWP model-based diagnoses of sub-synoptic scale change structures have been shown to simulate many features of observed changes. Because of the high spatial and temporal resolution available from these models, they provide a dynamically consistent framework whereby observed features may be understood (e.g. Mills 2002 , Mills and Pendlebury 2003 , Mills and Morgan 2006 . In order to provide suitable NWP fields for such a diagnosis, the 19-level, 0.375° grid spacing operational LAPS analyses of the day were used as initial and lateral boundary conditions for first a 0.2° grid, 29-level LAPS forecast, and then an internally nested 0.05°, 29 level simulation to be used for the diagnostic analysis. The forecast was initialised at 1100 UTC 28 February 1997. Fields were output hourly to 1200 UTC 1 March 1997, and half-hourly between 0200 and 0900 UTC. Figure 5 shows hindcast fields of 10 m potential temperature and low-level wind at 2-hourly intervals from 0230 to 0830 UTC 1 March (15.5-21.5 hour forecasts). The sequence shows a surging cool change moving northward along the east coast of Tasmania between 0230 ( Fig. 5(a) ) and 0430 UTC (Fig. 5(b) ), with southerly winds also moving northwards overland, but lagging the offshore winds as the overland flow was being affected by diabatic heating, friction, and topographic blocking (cf. the case described in Mills and Pendlebury 2003) . The east-coast surge reaches the northeast corner of Tasmania at around 0430 UTC in these simulations, and thereafter (Figs 5(c),(d)) a surge of northeasterly winds advects the cooler air westwards along the northern coast of Tasmania. While the timing of the simulated easterly change is 1.5-2 hours late compared with the satellite imagery, the simulation agrees closely with both the reported (Knox) and satellite cloud feature speed of movement, and also reproduces the reported (Knox) postchange 20 kt northeasterlies along the coastline.
The appearance of the cloud feature, plus the sequence of hindcast fields in Fig. 5 suggest that the roll cloud was generated at the nose of a gravity-current-like change that propagated westwards along the north coast of Tasmania. Supporting evidence is seen in the patterns of 900 hPa Fig. 6 ) the cool change has the character of a fairly typical coastal dry cold front, with a zone of sloping isentropes moving into a wellmixed layer of warmer air that has been advected offshore ahead of the cool change, and with a zone of ascent on the warm side of the change. By 0630 UTC (Fig. 5(c) ) the plan view of the vertical motion pattern shows an elegant arc of ascent from Flinders Island crossing the coast near Bridport (cf. the satellite images in Fig. 4 (e),(f)), and the cross section (Fig. 7) shows a gravity-current-like structure in the vertical motion and the temperature field. The simulation shows the cool-air surge and arc of ascent at its nose continuing westwards to pass the northwest tip of Tasmania at around 1200 UTC. Also evident is a band of ascent just inland and parallel to the northern coast of Tasmania (Fig. 5(b) ), a consequence of the convergence of onshore northwesterly and overland southerly winds. The development of an area of cloud in this location after 0430 UTC (Fig. 4(e)-(h) ) is evident.
Discussion
While the report quoted in the introduction suggests that the cloud feature was akin to the Morning Glory of northeastern Australia (see a review in Reeder and Smith 1998), roll clouds are also a frequent feature of the Southerly Burster of the NSW coastline (Colquhoun et al. 1985) . These have some of the character of coastally-trapped gravity currents (Howells and Kuo 1988 , Garratt et al. 1989 , McBride and McInnes 1993 , Reeder and Smith 1998 , Tory et al. 2001 , and this system appears to have rather more in common with these southerly cool changes than with the Morning Glory. For both Southerly Bursters and the example described in this paper, topographic blocking, friction, and diabatic heating retard and weaken the cold front as it moves over land, while allowing more rapid movement of the front along the coastline. While the studies quoted above tend to place different emphases on those individual physical processes, it is likely that all play a role, with the balance changing somewhat depending on the detailed atmospheric dynamics of the given day. Once the layer of cool air trapped against coastal orography reaches a discontinuity in coastline direction, given the appropriate larger scale environment is suitable, gravity-current dynamics dominate, and the cool change surges towards the less-dense air (Mills 2002 , Lee 2005 ). In the case being discussed in this paper, this is towards the west.
There are two general points to be made. First, such an abrupt change of cool change behaviour is possible wherever a front reaches an marked discontinuity in coastline orientation, such as at Cape Otway (Mills 2002) , Wilsons Promontory (see the example in Mills 2005), South East Cape in Tasmania (Mills and Pendlebury 2003) , and Cape Howe (Tory et al. 2001 , Lee 2005 . Another Australian example is the southerly post-frontal surges into Spencer Gulf in South Australia. While these have been hitherto not formally documented, they are readily seen in operational mesoscale NWP forecasts. The regular occurrence of a double change, with the first change from northerly to southwesterly and the second change to southeasterly, over eastern Eyre Peninsula has been described by Shepherd (1987, pp. 293-296) . These latter secondary changes have the same characteristics as the "Winchelsea Convergence" described in Mills and Morgan (2006) . Second, the arguments above suggest that westward surges along the northern Tasmanian coastline associated with eastward-moving synoptic-scale cold fronts should not be unique to the 1 March 1997 event, although that case may be particularly well-marked. Indeed there should be a general tendency for cool changes surging northward along Tasmania's east coast to generate an easterly surge when they reach the northeast corner of Tasmania, near Swan Island, with the strength of the surge being dependent on the larger-scale synoptic environment.
In order to test this hypothesis, the two obvious data sources that might be used are high temporal frequency In order to develop criteria for selecting similar events from the AWS observations, the half-hourly evolution of winds simulated in the NWP model hindcast were examined to develop a preliminary set of rules based on direction and speed ranges before and after the change. From the time- series of plots in Fig. 5 (and the intervening timesteps output from the model), the modelled pre-change winds on the coastline of northern Tasmania were from the northwest to west with speeds around 5-15 kt, and post-change winds from the east-northeast with speeds of 10-20 kt.
Reducing these speeds somewhat and broadening the direction ranges, days on which these relaxed criteria were satisfied in the Low Head AWS records were selected. The resulting selections were then assessed and the speed and direction criteria refined so that meteograms of the AWS observations for the selected days subjectively implied systems of the type being sought.
This iterative process led to a set of broad selection criteria listed in Table 1 . Using the broad set of criteria, 33 events were selected. Meteograms for each of these events, together with MSLP analyses at a time closest to the event, were examined subjectively. A number of these events were unambiguously similar to that described above, but there were also a number of more ambiguous events, and some that were most likely not associated with westwardpropagating wind changes. Accordingly a set of much more stringent conditions were also applied (Table 1) . This latter selection yielded 6 events, all of which show very marked and active easterly changes at Low Head. While these criteria are somewhat arbitrary, they are based on the author's meteorological experience and understanding, and so do provide one means of simply selecting such events from a long time series of observations.
For each of these six cases, an MSLP analysis, a mesoscale NWP forecast of potential temperature with overlaid wind and 900 hPa vertical motion, a visible satellite image, and a meteogram of wind speed and direction are shown in Figs 8-13. The forecast fields are taken from the operational mesoscale NWP runs, at the hour closest to the direction change seen in the meteogram, while the satellite image is the closest to the time of the change at Low Head for which there was still sufficient daylight to enable cloud features to be discerned in the visible satellite imagery.
These meteograms of wind speed and direction show, in each case, an abrupt change in wind direction between 0600 and 0900 UTC, and a sharp increase in wind speed following the change. In all cases the MSLP analyses show a ridge extending through Tasmania, with a trough or front a little to the east. Satellite images show some indications of a cloud head associated with these changes, but none are as spectacular as those in Fig. 4 . The mesoscale NWP forecasts all show a marked convergence line between the (north)-easterly winds and the broadly westerly winds to the west of Low Head, but in several cases the forecast change Cross section of potential temperature (K, red) and vertical motion (hPa hr -1 , black, negative contours dashed, contour interval 50 hPa hr -1 , zero contour suppressed) along a section parallel to the east coast of Tasmania (black line in Fig. 5a ), valid at 0230 UTC 1 February 1997. The first contour above or below zero is 25 hPa hr -1 so there is no zero contour. Table 1 . Selection limits for pre-and post-change wind direction (degrees), speed (knots), and duration (hours) for pre-and postfrontal winds used to select events from half-hourly observation time-series. Details in text.
Broad Selection Limits Stringent Selection Limits
re-change speed > 5 knots > 7.5 knots Pre-change duration > 2 hours > 3 hours
ost-change speed > 7.5 knots > 7.5 knots* Post-change duration > 2 hours > 3 hours * at least 1 obs > 20 knots in that 3 hours Cross sections of potential temperature (K, red) and vertical motion (hPa hr -1 , black, negative contours dashed, contour interval 50 hPa hr -1 , zero contour suppressed) along a section parallel to the north coast of Tasmania (black line in Fig. 5c ), valid at 0630 1 March 1997. The first contour above or below zero is 25 hPa hr -1 so there is no zero contour. time is a little late. In four of the six cases the model fields showed clear arcs of ascent associated with the westward advancing change, similar to that seen in Fig. 5 , but there was considerable variation in amplitude and morphology. The variations in timing error and structures (and there were also variable timing differences between successive model runs for the same case) suggests that accurate forecasts, and the particular morphology on any particular day, are highly dependent on the detailed balance between the synoptic scale pressure gradients and the local pressure gradients set up by the differing effects of friction and diabatic heating over land and over the sea. Finally, although not presented, the AWS observations show an increase in relative humidity with the onset of the easterly change in each of the cases, and with the change arriving during a period of more rapid pressure rise a small number of hours after a shallow pressure minimum.
These selections suggest that some two-ten events per summer at Low Head would be a typical expectation, albeit with quite a wide variety of detailed morphologies. Routine inspection of operational NWP forecasts shows that not all modelled gravity-current-like cool changes moving westwards from Swan Island are forecast to reach Low Head. Two widely different examples are shown in Fig. 14 , which shows plots similar to Fig. 5 from two operational meso-LAPS forecasts. In the first case an easterly change has moved westward from the northeast corner of Tasmania, but is weaker than in the case of this paper and the easterly surge subsequently propagates northwestwards and weakens. In the second case, a strong synoptic change is moving eastwards along the northern Tasmanian coastline, while a gravity-current change is propagating west from Swan Island. In this case the synoptic change dominates once the two meet, probably due to the greater depth of cold air associated with this change, and overwhelms the easterly winds as it moves eastwards.
Thus, while two-ten events per year might be typical at Low-Head, it is far from impossible that this frequency is greater further east.
Conclusions
The case study, and the examples mined from AWS records, show that an easterly change on Tasmania's northern coastline is a possibility when a dry cool change is crossing Tasmania, although such changes are not necessarily apparent in synoptic-scale analyses. Those activities that are sensitive to abrupt changes in wind direction and increases in wind speed (fire fighting, recreational aviation, boating etc.) should be aware of this possibility. The examples of operational mesoscale NWP forecasts of these events show that these models are capable of reproducing many of the observed features, but that accurately forecasting the timing of these wind changes still has some room for improvement. This is probably due to the fine balance between synopticscale and local-scale pressure gradients that are involved.
It is also probable that no single component of these NWP systems is the sole source of these errors. Continuing improvements in observations, data assimilation, and parameterisation of physical processes should all contribute to increasingly accurate forecasts. reviewer are thanked for their meticulous reviews which greatly improved the presentation of this paper. Bob Knox is particularly acknowledged for both making available his memory of his afternoon's flying and for providing such meticulous records of the day.
